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The Design of Rotation-Invariant Pattern
Recognition Using the Silicon Retina

Chin-Fong Chiu,Member, IEEE and Chung-Yu WuSenior Member, IEEE

Abstract—A new rotation-invariant pattern recognition system [11] may result in very time-consuming operations and may
is proposed and analyzed. In this system, silicon retina cells not be suitable for real-time processing.
capable of image sensing and edge extraction are used so that the Another approach which has been proposed for orientation-

system can directly process images from the real world without . iant patt ition is t the similarit iteri
an extra edge detector. The rotation-invariant discrete correlation Invariant pattern recognition Is 1o use the simiarity criterion

function is modified and implemented in the silicon retina struc- defined by certain mathematical transformations [12]-[19]
ture by using the current summation. Simulation results have which can be calculated and implemented by computer soft-
verified the correct function of the proposed system. Moreover, ware. One of the transformations is the circular harmonic
an experimental chip to implement the proposed system with yansformation [15]-[19]. In this transformation, the corre-

a 32 x 32 cell array has been designed and fabricated in 0.8- lation function in th | dinat hich lat
#m n-well CMOS process. Experimental results have successfully ation tunction in the polar coordinates, which correiates an

shown that the system works well for the arbitrary orientation ~ arbitrarily rotated image with the circular harmonic compo-
pattern recognition. nent of the reference image, is invariant to rotation. If the
Index Terms— Circular harmonic transformation. rotation- rotation-invariant correlation function is further expressed in
invariant, silicon retina. the discrete domain, it becomes the weighted summation of the
image data [19]. The weighting factors are circular harmonic
components obtained from the circular harmonic transforma-
tion of the reference image. For real-time image processing
N recent years, the study of artificial neural networkapplications, the discrete correlation function should be real-
has become one of the main research efforts [1]-[2]. Tleed in very large scale integration (VLSI) hardware.
general purpose of artificial neural networks is to realize theln this paper, the rotation-invariant discrete correlation
major functions of human auditory, visual, and neural systenfanction is modified for VLSI implementation and a rotation-
In the realization of human visual functions, the developmeintvariant pattern recognition system is designed in CMOS
of pattern recognition techniques is the first step to make ttezhnology and measured. In the modified correlation function,
networks capable of understanding and reacting to the visaally the zeroth harmonic component is used to remove the
inputs. phase term. Thus, the discrete correlation function of an arbi-
The conventional pattern recognition methods require inpuarily rotated image becomes the multiplication of a weight
patterns to be presented in standard position, orientation, siaeg the sum of the image data on the concentric circle. In the
etc. But the input patterns from the real world may be shifteckalization of the rotation-invariant pattern recognition system,
rotated, or scale-changed. Moreover, they may contain noisetoe CMOS silicon retina [20], [21] is used for image detection
uncorrelated data. To restore the shifted or the scale-changed edge extraction. The modified discrete correlation function
patterns, some automatic image control systems have bean be compactly implemented on the output emitter currents
proposed to move the image sensor to the correct positiohthe silicon retina. The experimental chip has been measured
or adjust the size of input object patterns [3]-[6]. Howeveand characterized. The results have verified the correct rotation
the orientations of arbitrarily rotated patterns still cannot bavariance of the proposed system.
restored by the conventional image control systems beforeln Section Il, the rotation-invariant principle of the circular
recognizing them. harmonic transformation is reviewed and the discrete rotation-
So far, many neural network systems designed to perfoinvariant correlation function is derived with modification
recognition invariant to the pattern orientations have beéor VLS| implementation. The circuit architecture and op-
proposed [7]-[11]. Some of them, however, fail to recognizerational principle of the proposed system are described in
the arbitrary orientations of input patterns [7]-[9]. Others [10Fection Ill. In Section IV, the simulation results of the system
are presented, and the recognition errors are analyzed. The
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tation. According to the circular harmonic expansion [16]
in polar coordinates with radius and anglef in radians, Image Edge Rotation- Application
an pimage patternf(r,6) may be decompgsed into circular image —> Sensor [>] petoctor [ > et > it
harmonic components as
oo Fig. 1. The block diagram of the typical rotation-invariant pattern recogni-
f(T, 9): Z fM(r)ejMe 1) tion system.
M=—oc0
where where r; is the discrete radiusl; is the number of pixels
N 27 N —j M6 with the radiusr;, and 6,, is the discrete angle given by
Tu(r) = 2 0 UGLE 6. ) 0, = 2wn/L,;. For the ease of VLS| implementation, only

the zeroth circular harmonic component is selected. Then the
correlation function at the specific concentric cirelecan be
obtained from (7) withr = »; and M = 0 as

fr0+a)= Z far(r)edMleiMe (3) R(ri,0) = g(ri,0) © fo(r:) (9)

M=—oc0

If this image pattern is rotated by radians, the rotated
components can be expressed as

Substituting the expression ¢§(r;) in (8) into (9), we have
When the rotated image pattern is correlated with one of the

L;—1
circular harmonic components if(r, #), the correlation value N B oy N 5 5
C(r;,a) atr = r; can be expressed as R(ri) = R(ri,0) = z_:o 9(ri; 0n) folri)
Clri,a) = f(ri, 0 + ) @ far(ri)e’™? =
2 , = fo(ri) > g(ri,bn) (10)
= [ fri,0+a)fi(ri)e?™de  (4) =0
0 where
where ®" is the correlation operation, andy,(r;) is the 1 &
complex conjugate of(r;). Substituting (3) into (4) yields folri) = . Z F(ri; On)- (11)
v n=0

. _ iMa SN2 V(2
C(ri, @) = |20’ far ()P = 271 fas(r)12. - (B) (10), it is shown that the rotation-invariant correlation
It can be realized from (5) that the magnitude@fr;, «) is function R(r;, ) of an arbitrary imagey(r, #) is independent

independent of the image orientatian Thus, it can be used Of the angled,,. Thus it can be rewritten a&(r;). R(r;) can

as an indicator to identify and recognize the rotated imaﬁ;@ expressed as the multiplication £f(r;) with the sum of
patterns. e image data on the concentric cirele- ;. In practice, the

In the above transformation, the rotated image is correlatEfognition performance of the proposed system can be tuned
with the circular harmonic component of the original imagdhrough the adjustment on the value fof(r:).

In fact, the rotation invariance still exists when the circular
harmonic component of an image pattern is correlated with alil. CIRCUIT ARCHITECTURE AND OPERATIONAL PRINCIPLE

arbitrary imageg(r, #) [19]. The correlation functior?(r,6)  Fig. 1 shows the typical structure of a rotation-invariant
atr = r; of g(r;, 6) with the circular harmonic component ofrecognition system. It consists of an image sensor to sense
f(ri,8) can be expressed as the input image and edge detector to extract the edge of the
DN — NLiME input image pattern and suppress noise or undesired data.
B(ri, 0) = g(ri; 6) @ [far (r)e” 7] © Then the edge patterns are sent to a preprocessor called the

Rotating the image(r, #) by « radians, the correlation func- rotation-invariant filter which performs the modified discrete

tion can be expressed as correlation function to identify the rotated patterns. Finally, all
M6 the rotated patterns are classified and the results may be sent

Ry(ri,0) = g(ri,0 + o) @ [fa(ri)e™"] to the application unit for further processing or applications.
= IMOR(r;, 0 + a). 7) The image sensor, edge detector, and rotation-invariant filter

in Fig. 1 can be realized compactly by using the silicon retina
1-[21]. Fig. 2(a) shows the row decoder, digital image data
_ _ i nput, and part of the silicon retina cell array, whereas Fig. 2(b)
harmonic component of the reference imaffe, ) remains  gpqys the cell array, multiplexer, and output amplifier. The
the Same. ) . ._silicon retina cell circuitry is shown in Fig. 2(c). In Fig. 2(c),
To implement .the. cprrelatlon function n VLSl, a ,d's'the silicon retina which consists of one inner p-n-p bipolar
crete transformation is introduced to approximate the Cmu'ﬁ‘fnction transistor (BJT) and one outer p-n-p BJT, is used
harmonic components of (. ¢) in (2) [19]. The resultant i, sense the image and detect the edge at the same time
Expression IS [20]-[21]. To increase the flexibility and testability of the
1 Lt ' rotation-invariant recognition system, a latch is designed in
fu(ri) = — Z flri,0)e” iM% j=1,....N (8) each cell to latch the digital edge image data, as shown in
n= Fig. 2(c). The switches SW3 and SW4 control the input type.

This proves that even when an arbitrary object image is rotat
the magnitude of its correlation function with the circula
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When SW3 is closed and SW4 is open, the digital edge imagmitter of the outer phototransistor is connected to the other
data stored in the latch is used. Conversely, when SW4 &s, amplifier through the multiplexer. Since the inputs of the
closed and SW3 is open, the image sensed by the silicp, amplifiers are kept at virtual ground, the phototransistors
retina is used. Note that when the digital image is used, nan be biased in the active region.
light is incident on the silicon retina. The small dark current From (10), the rotation-invariant correlation function can be
of the outer p-n-p can be neglected. Thus, no switch is usexpressed as the multiplication of a constant weight with the
to disconnect the outer p-n-p BJT from the output. sum of the image data on the same concentric circle. In the
In Fig. 2(c), the latch circuit contains two inverters and twexperimental chip, the cell at (15, 15) in the 3232 cell
switches. The latch input is controlled by the row decoder. kuray is defined as the center and the 322 cell array in
Fig. 2(a), the row decoder decodes theow address bits and Cartesian coordinates is transformed into a circular array with
activates one of th&™ row control signalsow andfow. The radius 15 in polar coordinates. The cells outside the circular
digital edge image data can be input to the latch row-by-rosrray are not used because their associated concentric circles
by sending a sequence of row address bits. The row contaoe not complete. The circular array is further divided into five
signalsrow andfow control two switches in the latch circuit. groups of concentric circles and each group consists of three
When one row is selected by the row address bits, the contsoiccessive concentric circles which are assumed to have the
signal row of the selected row is activated to high, whereagame weighting factor. Thus, the rotation-invariant correlation
row is low. Thus, SW1 is closed to change the latched sigrfainctions of the three concentric circles in each group can
to the input signal and SW2 is open to prevent the feedbalek summed together to form the correlation function output
of the latched signal. In the deselected rawowy is low and of the group. The five groups generate five rotation-invariant
row is high. Thus, SW1 is open and SW2 is closed to store therrelation function outputs, each of which can be expressed
input image signal.As shown in Fig. 2(c), the latched sign&r the input imagey(r,6) as
controls the current source. When the latched signal is high, L1
the current source is con_nect_ed to the switch SWa3. Throug@mt(n) = folr:) Z g(ri,0,)
SW3 and the multiplexer in Fig. 2(b), the current source may

be further connected to the inputs of tlii&, amplifier. The n_OLZ._l Li—1

input of the i,,, amplifiers is kept at virtual ground. Thus, the + Z g(rig1,0n) + Z g(riva, 00)].
current of the current source can be kept constant. Since the n—0 -

switch SW4 is open, the current of the current source does not (12)

affect the inner p-n-p BJT.
To obtain the image data from the real world, the silicofomparing to (10),Vou(r:) is equivalent to the correlation
retina cell is used. As shown in Fig. 2(c), the basic cell denction R(r;). Hence,Vou(r;) is rotation-invariant.
the silicon retina contains an inner open-base parasitic p-n-p'© realize the functior¥ou:(r;) in (12), the outputs of all
phototransistor as the photoreceptor and an outer open-bgd@ent sources or the emitters of inner p-n-p BJT's on the
parasitic p-n-p phototransistor in the commphwell as the Same concentric circle are connected together in the cell array
smoothing unit [20]-[21]. When the light is incident upon th&hown in Fig. 2(b). Thus, through SW3 or SW4, their output
commonN-well base region, the generation of excess carrief§frents which represent(r;,6,,) can be summed together.
results in the base current. The base current flowing throughen the outputs of three concentric circles in the same group
the emitter junction leads to decreasing emitter junction voR/'® connected together to realize (12). Si_milarly, the emitters of
ages with distance. Thus, the output emitter currents decér P-n-p BJT's on the same concentric circle are connected
logarithmically with distance which realizes the smoothinfP9ether, and then the outputs of three concentric circles are
function. The smoothed signal of the input image can onnected together to form the qther output of the group. Thus,
obtained from the emitter current of the outer phototransist&ach group has two outputs which are sent to the multiplexer.
whereas the signal of the original image can be obtained frdrch time, only one set of outputs out of the five sets of outputs
the emitter current of the inner phototransistor. The subtractif™M the five groups of concentric circles can be selected and
of these two emitter currents results in a difference signal wi#nt to thek,, amplifier as shown in Fig. 2(b).
a sharp change at the edge of the image. Thus, the edge sign&ice the edge of the pattern image is extracted by the
of the image can be detected definitely. subtract!on of two emitter currents in the silicon retina, the
The silicon retina not only can transform the light signafuPtraction of the currents at the two outputs selected by
into the current, but can simultaneously extract the edge B multiplexer should be performed. This is realized by the
the pattern. Thus, the output signal of the silicon retina c&fferential output buffer which subtracts the output voltages
be directly used without designing an extra preprocessor b the two R, amplifiers as shown in Fig. 2(b). Since the
extract the edge of the pattern. This can save a large chiyrents are transformed intq,.. via K, amplifier with the
area and increase the cell density and the fill factor if offi@nsconductancé,, and output buffer with the voltage gain
chip edge detection is to be performed in the focal plands:fo(r:) in (12) can be expressed as
The emitter of the inner phototransistor of the silicon retina Folri) = —AyRon. (13)
is connected to SW4. Through SW4 and the multiplexer in
Fig. 2(b), the emitter current of the inner phototransistors areThe circuit diagrams of th&?,, amplifier and the output
further connected to the input of th&,, amplifiers. The buffer are shown in Fig. 3(a) and (b), respectively. As shown
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¢ IV. SIMULATION RESULTS AND ERROR ANALYSIS
T : To verify the rotation invariance of the proposed system,
MN1 L4 — simulations on some digital patterns have been performed.
‘—v—{ Fig. 4(a) shows the simulated output voltages versus the
radii of five groups of concentric circles for eight differ-

ent input patterns of English letter “A” which are rotated

Ves by 0, 7/30,7/9, ©/4, ©/3, w/2, 57/6 and 5r/3. From
(b) Fig. 4(a), it can be seen that the maximum deviation among
Fig. 3. The circuit diagrams of (a) the CMOS widebaRd, amplifier and ~ the output voltages of different patterns is smaller than 10 mV.
(b) the CMOS output buffer used in the proposed system. Thus, they can be identified as the unique feature of the

arbitrarily rotated letter “A.” To further analyze the deviations,
the relative errors with respect to the nonrotated letter “A”
in Fig. 3(a), the basic I-V conversion of thg,, amplifier are shown in Fig. 4(b). The relative error is defined as the
is achieved by the common-gate transistor MN1(MP1) aredror divided by the number of pixels in the concentric circle
the current source device MP2(MN2). The transistors MNgroup. It can be seen that the relative error is below 15%, and
and MP4 form a source-follower output buffer to enhandhe average error over five radii is below 5%. The simulated
the driving capability and decrease the output impedanamitput voltages of the unrotated letters “B,” “C,” and “A”
The transistors MN3 and MP3 offer a shunt-shunt feedbaeke shown in Fig. 5. As compared Figs. 5 with 4, it can be
path from the output stage to reduce both input and outmetalized that the difference between letter “A” and “B"/“C” is
impedance. The transistors MNR and MPR are used to adjustre significant than that among the rotated “A.” Thus, the
the gain of theR,,, amplifier so that the weighfy(+;) in (13) rotation invariance of the proposed system can be verified.
can be tuned to optimize the system performance. It is showrThere are two possible error sources in the proposed system.
that theR,,, amplifier has a very low input impedance, a goo®ne is the spatial sampling error which consists of the spatial
linearity, and a large bandwidth [22]. mismatching error due to the transformation from the Cartesian
The output buffer in Fig. 3(b) consists of a basic differentialoordinates to the polar coordinates and the spatial error
amplifier and a source-follower. The differential amplifiedue to spatial discretization. In the design of Fig. 2(b), the
produces an output voltage that is proportional to the outpspatial mismatching error is more significant than the spatial
voltage difference of the twaRk,, amplifiers. The source- error. Generally, the spatial error due to spatial discretization
follower offers a large driving capability to drive the outputmay be reduced by using a larger sensor array. The spatial
pads. mismatching error is a result of an imperfect match between
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Fig. 6. The simulated relative errors versus radius for different light-bar 1 2 3 4 5

patterns rotated by different angles. Radius

Fig. 8. The simulated relative errors for the patterns of the letter “A” shifted
the rectangular grids used in the spatial sampling of the imaig@n the center one, two, and three pixels. The corresponding relative errors
and the polar grids used in forming the discrete correlatidff denoted by(n) with » = 1,2,3.
function. To further analyze the spatial mismatching error, a set
of light bars rotated by, 7/10, 7/6, andr /2 are used in the (14), at the bottom of the page. For the fixed system resolution,
simulation of this system. As shown in Fig. 6, the simulatetdhe larger the(R — r) is, the smaller the error value is.
relative errors are mainly due to the spatial sampling errotdowever, increasing the width of the ring reduces the number
In Fig. 6, it is found that no error occurs when the light bar ief correlation function outputs since the total pixel number is
rotated byr /2. This is due to the symmetric property betweenonstant. Fig. 8 shows the simulated mismatch errors when the
X axis andY axis in the Cartesian coordinates. In generalput pattern “A” is shifted by one, two, and three pixels with
the spatial sampling errors become significant in the area clgespect to the center of the system. The error of the shifted
to the center of the polar coordinates as shown in Figs. 4 apaltterns becomes more evident when the shifted distance is
6. This is because the nearer the circle is to the center, theger. However, the error can be minimized by adjusting the
less the points are on the concentric circle. Therefore, ttiansresistance of thi,,, amplifier, that is, the weight function
positions of image sensors in the rotation-invariant pattef(r;).
recognition system should be arranged in polar coordinates tdn fact, increasing the system resolution is more efficient in
minimize the spatial sampling error. Moreover, the array siz&inimizing the relative error. To analyze the relation between
the array resolution, and the image size should be large eno@gtor and resolution, a system which consists of x2828
to minimize the spatial error due to spatial discretization. cells is simulated. In the simulated system, the circular array

The other error is caused by the shift of the center of tivdth 60 radii is divided into five concentric circle groups,
input pattern from the array center pixel (15, 15), namely th&nd each group includes 12 successive concentric circles. As
center of the polar coordinates. The center mismatch errorc@mparing the simulated relative spatial errors with those in
illustrated in Fig. 7 where the centers of two concentric ringsig. 4(b), the maximum relative error decreases from 16% to
are shifted byAr. The maximum error between correct andelow 2.5%. As comparing the mismatch errors with those
shifted outputs is represented by the shaded part in Fig. 7. TheFig. 8, the maximum relative error decreases from 24%
relative error of the mismatch centers can be expressed astthéelow 6%. Thus, the relative errors can be significantly
ratio between the ring area and the shaded area as showrfasiuced in the high resolution system.

Ary2 Ar 2
_ Areaaded _ (2R? — 2r%)(m — 0) + 2Ar\ /72 — (55)" + 2Ar\/R2 — (5F)

Area,in, m(R? —7?)

oAm—6)(R+r)  ARr(n—6) 2”(\/7’(Z - (%) + /R - (¥)>

=T MR- wR=nR+) T (B= (Rt 7) (14)
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Fig. 12. The measured output voltages versus radius for digital patterns of
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V. MEASUREMENT RESULTS -0.2 —~¢
The experimental chip is fabricated in Q.8 n-well CMOS 03 -
process. Fig. 9 shows the chip photograph. In this initial Radius

testing chip, the cells are arranged in Cartesian coordinatesggf 13. The measured output voltages versus radius for the real image
layout convenience and testing purpose. The area of the gelterns of "A,” “B,” “C,” and the rotated “A,” all sensed directly by the
including silicon retina, latch, and switches is 14010 ym2. ~ Siicon retina.
In practical application, the cell may contain only the silicon
retina whose area is 48 40 xm?, and the cell array should digital patterns of the English letters “A,” “B,” and “C” as
be arranged in polar coordinates. As to the digital latch angkll as the patterns of “A” rotated by /10, /6, and /2.
switches, they are used for testing purpose. It is seen that the four curves of the rotated “A” patterns are
To measure the rotation invariance, the digital patterns @éry similar, whereas those of the letters “A,” “B,” and “C”
light bars with five-pixel width and rotated by/10, 7/6, 7/2 have a significant difference. This verifies the correct function
are input to the fabricated chip, and the output voltages the proposed rotation-invariant pattern recognition system.
are measured. Fig. 10 shows the measured relative errors dfo analyze the effect of the mismatched centers, the digital
the rotated patterns. From Fig. 10, it can be seen that thatterns of “A,” “B,” “C,” and the patterns “A” shifted by one,
measured errors between the unrotated light bar and the light, and three pixels are tested. Fig. 12 shows the measured
bar rotated byr/2 are less than 1%, whereas those betweeesults. It is easily found that the errors of the shifted patterns
the unrotated and /6 rotated patterns are relatively larger. Asare larger when the shifted distance is longer. However, there is
may be realized from Fig. 6 and the analysis in Section 1V, theill enough difference between the output curves of the shifted
measured errors are mainly due to the spatial sampling errguatterns to distinguish them from the other two patterns “B”
To further verify the function of the fabricated rotation-and “C.”
invariant system, more complicated digital image patterns areln practice, the weight function in (12) and (13) can be
tested. Fig. 11 shows the measured output voltages of tidjusted to optimize the output performance. For simplicity,



CHIU AND WU: DESIGN OF ROTATION-INVARIANT PATTERN RECOGNITION USING THE SILICON RETINA 533

TABLE |

MEASURED CHARACTERISTICS OF THEFABRICATED R, AMPLIFIER

Control Voltage (Ven=-Vcp)

+2.5V ~-0.9V

Transresistance (ry,)

919 Ohm ~ 1914 Ohm

Input Impedance (rj,)

44.6 Ohm ~ 88.2 Ohm

Output Impedance (r,)

2.34 Ohm ~ 44.6 Ohm

-3dB Frequency (f.34p)

246.3 MHz. ~ 97.4 MHz

TABLE 1

SUMMARY OF THE MEASURED CHARACTERISTICS FOR THE
PROPOSEDROTATION-INVARIANT RECOGNITION SYSTEM

Process 0.6 DPDM CMQS
Resolution 32x32
Cell Area 110pumx110um
Fill Factor 0.13
Digital Input Speed 20MHz

rotation-invariant property of the proposed system. Since the
proposed system has a very compact structure and inter-
connection, and the resultant chip area is small, it is quite
feasible to realize the system with the related image processing
neural networks in VLSI. Future research will focus on the

performance improvement of the system and the integration
with other systems for various image processing applications.
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